t he process of acquiring bacteria in the neonatal gastrointestinal tract can play a significant role in the development of the immune system that may influence the infant's future health (1) . This process has been linked to the pathogenesis of necrotizing enterocolitis (NEC) (2,3), a devastating intestinal disease affecting primarily premature infants. Although the exact association and mechanisms between neonatal intestinal microbiota and NEC remain unclear, the interplay between them appears to be a dynamic one. As early as 2004, a temporal association between early colonization with Clostridium and later development of NEC was suggested (4) . This temporal relationship is again illustrated by the observation of a differing intestinal microbiome 1 wk prior to the onset of NEC (5) . These reports point to the fact that both the bacterial composition of the gastrointestinal tract and its colonization process may be important in the pathogenesis of NEC.
Clinical practices such as the use of H 2 blockers and antibiotics are associated with increased incidence of NEC (6, 7) .
Feeding with maternal breast milk (8) , donor breast milk, (9) and probiotics (10) (11) (12) have been shown to decrease such risk. While the mechanisms of how these clinical practices impact the pathogenesis of NEC are not clearly understood, it is conceivable that they all influence the modulation of the bacterial colonization process in the nascent gastrointestinal tract. We have chosen to focus our study on the impact of antibiotic therapy on the development of intestinal microbiota in the neonatal gastrointestinal tract. We hypothesized that neonatal gastrointestinal tract colonization pattern is influenced by the duration of antibiotic therapy and that the diversity of the intestinal microbiome of premature infants inversely correlates with the duration of exposure to antibiotics.
RESULTS
The patient recruitment schema is illustrated in Figure 1 . We screened 108 infants born at gestational ages less than 32 wk. Forty-four infants met inclusion criteria, and consents were obtained for 29 infants to enroll in the study. Of the 29 infants enrolled, 27 received at least 50% of their feeds as maternal breast milk and 2 received exclusively formula. Samples from these two exclusively formula-fed infants were excluded from analysis in order to ensure a more homogeneous population in terms of feeding material.
There were 15 10 d samples collected from infants who received only 2 d of antibiotics, and 12 10 d samples were collected from infants who received the same antibiotics for 7-10 d. Antibiotics administered in the first 10 d of life were limited to ampicillin and gentamicin. The 30 d samples were collected from 21 out of 27 of the infants for whom we had 10 d samples. We could not collect six 30d samples because these infants were transferred to other facilities for convalescent care. The 30 d samples were segregated into two groups based on the total duration of antibiotics received, minimal exposure (2 d) and prolonged exposure (≥7 d). There was one patient in the 2-d antibiotic group at age of 10 d who subsequently received more than 5 d of antibiotics, and the 30 d sample from this patient was crossed over to the group who have received ≥7 d of antibiotics. There were two patients from the 2-d antibiotic group at age 10 received 2 additional days of antibiotic therapy; hence, they did not fit in the criterion of Antibiotics and the preterm microbiome Infant and maternal demographics were similar in both groups except that there were more infants in the group receiving more antibiotics born by C-section ( Table 1) . Infants who received 2 d of antibiotics (n = 15) and those who received 7-10 d of antibiotics (n = 12) by 10 d of age were similar in terms of their weights, total volume of feeds/kg, number of days with at least one feed, and percentage breast milk of total feeds ( Table 2) . The 30 d samples were segregated based on the number of days of antibiotic therapy. Infants who received only 2 d of antibiotics (n = 8) and those who received at least 7 d of antibiotics (n = 11) were similar in terms of their weights and percentage breast milk of total feeds at day 30 but were significantly different in terms of total volume of feeds/kg and number of days with at least one feed ( Table 3) . This difference is expected since the infants who receive more antibiotics were more likely to be given nothing by mouth for concern of sepsis. None of these patients had culture-positive sepsis, but were placed on empiric antibiotic therapy because of clinical concerns. None of the infants in our study received proton pump inhibitors or H2 blockers before day 30 of age.
Despite these clinical similarities, we found a significantly lower Shannon diversity index from 10 d samples in infants who received antibiotics for 7-10 d as compared to those who received only 2 d after adjusting for mode of delivery as a confounder. There was also a decrease in richness, but the difference is not statistically significant ( Table 2) . While the bacterial phyla present in the two groups are relatively similar, there was a significant difference in their relative abundance. Such differences in richness and diversity were no longer observed in 30 d samples ( Table 3) .
In evaluating each patient's rectal microbiota within each sample group, we found a subset of 10 and 30 d samples with distinct compositions at the phylum level that were vastly different from the remainder of the group (Figure 2) . Interestingly, the patients with atypical composition in their 10 d samples were not the same as those of 30 d samples, and there were no distinct features identified in these patients' demographic information. In the 10 d samples from patients who received Figure 1 . Patient cohort used for the preterm intestinal microbiome study. One-hundred eight infants <32 wk of age were selected for the study. Of these, 27 infants met the inclusion criteria, received ≥50% breast milk, and received multiple courses of antibiotic therapy (Abx).
a Infants who remained NPO for ≥7 d, who had necrotizing enterocolitis, intestinal perforation, or any other gastrointestinal anomaly within the first 10 d of life, or those whose first 48 h course of antibiotics was followed by a second course within the first 10 d where excluded from the study. Four infants in the 2 d antibiotics group and two infants in the 7-10 d group were transferred to another facility and thus no samples could be obtained. Breast milk fed n = 27
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DISCUSSION
Our data suggest that the neonatal intestinal microbiome can be affected by both chronologic age and antibiotic exposure. Rectal microbiota diversity increases over time but decreases with antibiotic exposure. Among infants receiving the majority of their feeds as maternal breast milk and after adjusting for mode of delivery as a confounder, we found a statistically significant decrease in diversity at 10 d in infants who received antibiotics for 7-10 d compared to those who received 2 d of Richness (mean ± SD) 13.6 ± 7.2 12.7 ± 5.6 * *
For breast milk fed infants and after adjusting for mode of delivery as a confounder, there was a significant decrease in diversity at 10 d in infants who received antibiotics for 7-10 d compared to those who received 2 d. *P value not statistically significant. **P value < 0.05.
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Articles antibiotics. In addition, by day 30, we noted a shift in the number of genera comprising the microbiome. The difference in the Shannon diversity index observed at 10 d of age was no longer seen by 30 d of age. This suggests that the neonatal gastrointestinal tract continues to acquire different bacterial genera despite antibiotic pressure. While the earlier antibiotic therapy is more uniform (i.e., ampicillin and gentamicin) and tends to be broad-spectrum, later antibiotic agents are more focused in their antimicrobial targets because patient condition is better known, source of infection is more clear, and a wider variety of agents have been used. Different antimicrobial agents may exert differential impact on the intestinal microbiota. Our study does not address the timing of recovery in microbiota after antibiotic therapy has been discontinued. These factors may contribute to the relative similarities between the two groups of 30 d samples.
We are not able to identify any factors that may explain how certain individuals acquire atypical bacterial composition that are vastly different from others within the same group in both 10 and 30 d samples. Again, we must be clear that the outliers from 10 d are not the same as those from 30 d. As always with human subjects, there are variables beyond the scope of our data collection. This makes a strong argument that our intestinal microbiome is far more apt to be influenced by clinical intervention and environmental factors than genetic background. This is consistent with previous observations that life events such as changing dietary content, onset of illness, and use of antibiotics can alter our microbiota (13) .
While The relationship between NEC and the changes in microbiota is a controversial one. Some studies have shown that Articles Dardas et al.
infants who developed NEC had lower Firmicutes and higher Proteobacteria in their intestinal microbiome (2,5), but others claim that there is no difference in the composition of intestinal microbiota in those who develop NEC (14) . Wang et al. (2) have reported the most striking difference in intestinal microbiota between NEC and non-NEC infants, but fecal samples were obtained after the diagnosis of NEC had been made. The control samples were taken from non-NEC infants born at the same gestational age and collected on the match day of NEC diagnosis. There is no description regarding the temporal relationship to any antibiotic therapy either prior to NEC or related to NEC. Mai et al. (5) have reported some dissimilarity between NEC and non-NEC infants' intestinal microbiota from their fecal samples obtained 1 wk prior to the onset of NEC, but not at a time closer to the diagnosis of NEC. There were mention of antibiotic duration for these infants, but no specific analysis has been done with respect to the timing, duration, or the types of antibiotics used. Although our study did not specifically address the difference in intestinal microbiome with respect to the onset of NEC, we speculate that our findings of altered intestinal microbiome in infants exposed to more antibiotics could be a factor that contributes to the understanding of how antibiotics are implicated in the pathogenesis of NEC. Our study targeted preterm infants who were at highest risk of developing NEC. This particular population has 
Articles generally been underrepresented in many of the prior microbiome studies that were focused on late to full-term infants. The cohort in our study was relatively homogeneous in their feeding material, primarily maternal breast milk. This enables a more accurate depiction of the effect of antibiotics on the microbiome without the confounding variable of feeding content. It would have been interesting to compare the difference in microbiota between those who receive maternal breast milk vs. formula, but our success in advocating for maternal breast milk has made this question impossible to answer in our current study. The 27 breast milk-fed babies received 87.4% breast milk by volume at day 10 and the remaining 21 babies after transfers received 82% breast milk by volume at day 30.
Choosing infants who have fed at least 100 ml/kg total feeds over the first 10 d of life may have selected against the sicker and more premature infants who could be at higher risk of NEC. Future studies comparing feeding infants with those kept NPO will improve our understanding of how feeds influence the establishment of the microbiome. Although we did not have a "true control" group with no antibiotics exposure due to the fact that all preterm infants in the studies received at least 2 d of empiric antibiotics at birth for presumed sepsis, we were able to demonstrate that different duration of antibiotics have different effects on the microbiome in terms of diversity and composition. Further studies with controls having no antibiotics exposure will help more accurately explain the natural course of microbiome establishment in preterm infants.
We noted that the infants born by C-sections were more likely to receive more antibiotics. In many instances, babies who are born by C-section tend to be sicker and hence the choice of the mode of delivery. On the other hand, babies who are born by C-section may present with respiratory symptoms due to transient tachypnea of the newborn that could mimic clinical pneumonia. Within our cohort, infants who received more days of antibiotics required more days on ventilator, though this did not achieve statistical significance.
So far, there is no study that can define "healthy microbiota" in a preterm infant. Our study of microbiome established in preterm infants who have received only 2 d of antibiotic therapy is perhaps the healthiest cohort whose microbiome has been described. Previous studies have called for more judicious use of antibiotics given the known association between antibiotic use and NEC, but no causative mechanism has been provided. The changes in microbiota described in our current study may provide some insight in this association. Just as we have not defined a "healthy" microbiome, no one has defined the "NEC microbiome" either. The standard of care for NEC has been broad-spectrum antibiotic therapy and cessation of feeds. This seems to suggest that antibiotic treatment for NEC may eradicate the detrimental colonization and allow redevelopment of a more beneficial microbiota from a clean slate. There has been Articles Dardas et al.
evidence of perturbation in distal gut microbiome caused by antibiotic therapy that lasts much longer than the 1-mo span for our current study (15) . Our current study does not address the durability of any changes caused by antibiotic use during the newborn period or if there is any parallel in the pattern of microbiome establishment between newborn preterm infant and those whose microbiota has been previously established and then altered because of antibiotic therapy. While most 
Articles studies have emphasized the relationship between neonatal intestinal microbiome and the onset of NEC, we must not lose sight of longer-term consequences of neonatal microbiome and its impact on the ontogeny of other biologic processes such as the development of the immune system. Our report does not provide sufficient evidence to suggest any alteration in clinical practice. Studies of much larger scale with much longer follow-up will be necessary to understand these issues. These questions will help direct future investigations.
METHODS
This study was performed at the University of Rochester Medical Center from 1 January to 31 December 2012. The study was approved by the Research Subject Review Boards at the University of Rochester. All admissions born at gestational age <32 wk were screened for eligibility irrespective of gender, race, or ethnic background. Eligible subjects were preterm infants born between 24 0/7 and 31 6/7 wk gestational age who received a cumulative total of ≥100 ml/kg of either >50% breast milk or exclusive premature formula within the first 10 d of life. Exclusion criteria include NPO for ≥7 d during the study period, congenital abdominal wall defect or gastrointestinal anomalies, NEC, spontaneous intestinal perforation within the first 10 d of life, and a second course of antibiotic therapy within the first 10 d of life. The parents of identified eligible subjects were approached for consent to enroll in the study by day of life 7. Rectal swabs were used to collected fecal material from consented subjects at two time points, 10 ± 1 and 30 ± 2 d of age. Each sampling involved inserting a sterile Copan flocked nylon swab (Copan Diagnostics, Murrieta, CA) moistened with normal saline beyond the sphincters into the rectum and then twirled. Each sample was immediately placed into a nucleic acid stabilizing reagent and stored at −80 °C until DNA extraction. All sampling swabs, plastic ware, buffers, and reagents used for collection of samples and extraction of nucleic acids were sterile and UV-irradiated to insure no contamination from sources outside of the infant and sample. Considerations were given to collect fecal samples from diapers. However, these infants do not necessarily have daily bowel movements. They have occasionally received glycerin suppositories to induce bowel movements, and the stool would have been contaminated by the suppositories. In addition, we were concerned about the sterility of the diapers from which we would collect samples and the potential for contamination from buttock skin flora.
Clinical care was at the discretion of treating physicians in terms of type and duration of antibiotic administration as well as the timing and volume of feeds. Feeding pattern (breast milk vs. formula) was also at discretion of mother and depended on breast milk availability. Medical records were reviewed to identify pertinent patient and maternal factors as well as feeding patterns. Percentage breast milk of total feeds was defined as the total breast milk volume of total volume of feeds calculated from birth up to the days of sample collection on days 10 and 30.
Patient characteristics were assessed using a two-sample t-test for continuous variables and Fisher's exact test for categorical variables. Outcome variables were assessed using t-tests, and analyses of covariance were performed for confounders. Microbiome analysis of 10 and 30 d samples were performed to compare those who have received only 2 d of antibiotics and those who have received ≥7 d of antibiotics.
Total genomic DNA was extracted by a modified method using the Zymo Fecal DNA kit (Zymo Research, Irvine, CA) and FastPrep mechanical lysis (MPBio, Solon, OH). The V1-V3 region of bacterial 16S rRNA from each sample was amplified using 1 of 96 validated barcoded 454 primers. Two separate polymerase chain reaction amplifications for each sample were combined into a single sample and sequenced on a 454 GS Junior. One tube containing 10 μl of sterile water was extracted and polymerase chain reaction amplified in parallel to detect possible contamination. Rarefaction curves were constructed from rectal and feeding samples at the beginning of the study to ensure that sequence depth was sufficient to determine the majority of bacterial diversity and identify rare bacteria.
For bacterial community data analysis, pyrosequence reads were first assessed for quality and then analyzed using phylogenetic and operational taxonomic unit methods in the Quantitative Insights into Microbial Ecology (QIIME) open source software, version 1.7 (16) . QIIME was first used to demultiplex the barcoded reads and preprocess for quality. Reads were truncated if the average quality score in a 30 bp sliding window fell below 25. Reads with more than six ambiguous base calls, homopolymers longer than six bp, errors in the primer sequence, more than one error in the barcode, or a length after quality trimming of less than 200 bp were removed. Chimera detection and removal was performed de novo using UCHIME. To pick operational taxonomic units, USearch 5.2, a part of the QIIME package, was used to cluster the remaining reads based on percent identity, with a threshold of 97% in order to maximize taxonomic specificity. The May 2013 release of the GreenGenes reference database was used to provide seeds for all clusters, and clusters containing less than four reads were discarded. Taxonomic assignments were made to the resulting operational taxonomic units based on the seed of each cluster, using the Ribosomal Database Project classifier with the GreenGenes database of reference sequences and their known taxonomic assignments. Within each experimental condition, individuals were clustered based on constituent phyla using the hclust function of R, which performs hierarchical clustering iteratively, using the Lance-Williams dissimilarity update formula and computing complete distances. The Shannon index was computed as a measure of α-diversity for each individual, and the mean was taken for each group in each experimental condition. The Bray-Curtis dissimilarity index between every pair of individuals was calculated as a measure of β-diversity. The average dissimilarity between every individual in each pair of experimental conditions was calculated, as was the average dissimilarity between every member of each pair of subgroups within each experimental condition.
